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Organochlorine pesticides (OCP) were monitored at the Weissfluhjoch site (Switzerland) and the top of Mt. Sonnblick (Austria) 
with a low volume active air sampler and semipermeable membrane devices (SPMD). The air sampling rates (Rair) of the SPMD 
for OCP were calculated. Statistical tests showed that there was no significant difference between Rair at the two different sam-
pling sites. Quantitative structure-property relationship (QSPR) models of the Rair of the SPMD were developed for OCP using 
partial least square (PLS) regression. Quantum chemical descriptors computed by the semi-empirical PM6 method were used as 
predictor variables. The cumulative variance of the dependent variable explained by the PLS components and determined by 
cross-validation (Q2cum) was >0.818 for each optimal model. This indicates that the model has good predictive ability and robust-
ness. The Rair of the SPMD for OCP is related to the total energy, the van der Waals area and the total dipole moment of the OCP 
molecules. The main factors governing Rair values of OCP are intermolecular interactions and the energy required for cav-
ity-formation in dissolution of OCP into triolein of the SPMD. The linear correlation coefficient between predicted and experi-
mental values were all >0.921. 
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Semi-permeable membrane devices (SPMD) are popular as 
passive samplers for sampling persistent organic pollutants 
(POP) in air since it was introduced by Petty et al. [1] 
SPMD is typically composed of a flat low-density poly-  
ethylene (LDPE) membrane tube filled with triolein. LDPE 
membrane is described as a nonporous material, but random 
thermal motions of the polymer chains form small cavities 
(diameter 0.1 nm) in the membrane [2]. The application of 
SPMD has been summarized in many articles [2–6]. Al- 
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though SPMD have been widely used to sample poly-
chlorinated dibenzo-p-dioxins (PCDD), dibenzofurans 
(PCDF), polychlorinated biphenyls (PCB), and polycyclic 
aromatic hydrocarbons (PAH), there are few studies focused 
on sampling of organochlorine pesticides (OCP) in ambient 
air. Some OCP (e.g. dieldrin, DDT, chlordane, etc.) belong 
to the “Dirty Dozen” of chemicals whose toxicity, persis-
tence and amounts released are of particular environmental 
concern [7]. It is well known that OCP were used for many 
decades and their residual effects are still observed today.  
When SPMD sampling is in linear uptake stage, the   
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atmospheric concentration of POP, Cair (pg m
–3), can be 
calculated from the sampling rate of the SPMD (Rair, m
3 d–1 
SPMD–1), the concentrations of POP sequestered by the 
SPMD (CSPMD, pg SPMD
–1) and the exposure time of the 
SPMD (t, days) using the following formula [8]: 
 Cair = CSPMD/(Rair t). (1) 
One of the aims of the present paper was to calculate the 
Rair of OCP at different sampling sites and to evaluate the 
feasibility for obtaining Cair of OCP using eq. (1). 
Although SPMD have many merits for air monitoring, 
such as their long-term stability, low cost, and ease of de-
ployment, there is limited published data of Rair during their 
use [2,7–13]. The Rair measurement for each POP is very 
expensive, time consuming and there are some problems 
with limits of detection and equipment. 
The quantitative structure-property relationship (QSPR) 
method provides a convenient tool to predict physico- 
chemical properties of chemicals from only molecular 
structural information, and this may also provide insight 
into the main factors that influence physicochemical proper- 
ties of chemicals [14–17]. Rair was influenced by the mo- 
lecular weight, the substitution patterns of chlorine in PCB, 
and Koa of POP [2,10,11,18]. 
Another aim of this paper was to study the relationship of 
the Rair with the structure and properties of OCP. It is ex-
pected that an ideal model can be found which can be used 
to predict the Rair from the structure and properties of OCP. 
In future, the Rair of many OCP could be predicted from a 
small number of Rair measurements of OCP by the QSPR 
model. 
1  Materials and methods 
1.1  Sampling  
Sampling was conducted at two sites at different altitude. 
One site was at the Weissfluhjoch (code: CH), which is in 
the central Swiss Alps at 2663 m above sea level (a.s.l.). 
The other site was at the top of Mt. Sonnblick (code: AT) at 
3106 m a.s.l. in the eastern Austria Alps. The Monitoring 
Network in the Alpine Region for Persistent and other Or-
ganic Pollutants (MONARPOP) was funded by the EU In-
terreg III B Alpine Space Programme (Alpine Space) and 
by the participating partners. A number of ambitious goals 
have been set for this program. MONARPOP monitors 
POPs and other organic pollutants with respect to their 
long-range transport to remote alpine regions, prevalent 
source directions, loads within the alpine range, regional 
differences, variation with altitude, present stocks, load 
bound in forests of the alpine region, and possible biological 
effects. The project aims to provide information to decision 
markers. In the future, the evidence gathered during 
MONARPOP may help to assess the success of the Stock-
holm POP convention. Detailed information about the  
project is available in http://www.monarpop.at/downloads/ 
MONARPOP_Technical_Report.pdf. 
Passive samplers were deployed from December 2005 to 
May 2006. At CH sampling occurred for 236 d and the 
mean temperature was –5.8°C, and at AT sampling occurred 
for 211 d and mean temperature was –10.3°C. The SPMD 
was a LDPE tube (length 23 cm, width 2.5 cm, thickness 
67.5 μm) filled with 0.7 mL triolein 99% (Sigma-Aldrich, 
Taufkirchen, Germany). The passive samplers were 
heat-sealed in a glove chamber with a nitrogen atmosphere 
to avoid contamination. The resulting area of the sampler 
(A) was about 115 cm2. The SPMD were deployed in Ste-
venson screen boxes of untreated wood (50 cm × 50 cm × 
40 cm). Then, they were placed 2 m above the ground at the 
two high altitude stations. The active air sampling was per-
formed using a low volume sampler (Digitel blower, 
DPA96). Four glass cartridges filled with 50 g of XAD 
resin each were used as absorbers. Each filter cartridge 
sampled air masses coming from one of three predefined 
European source regions and an additional one for air 
masses of undefined origin. The appropriate cartridge was 
activated via the Internet based on daily meteorological tra-
jectory forecast. Active sampling was conducted from 
02.12.2005 to 16.03.2006, and from 16.03.2006 to 
06.07.2006 at CH, and from 04.12.2005 to 16.03.2006 and 
from 16.03.2006 to 19.07.2006 at AT. The active and pas-
sive samplings were carried out almost simultaneously. 
Further information about the active and passive sampling is 
available in Levy et al. [19], Moche et al. [20] and Offen-
thaler et al. [21].  
1.2  Extraction, cleanup, analysis, and quality  
assurance/quality control (QA/QC) 
The extraction, cleanup, analysis, and QA/QC of SPMD 
were performed as for PAH treatment [6], but with different 
13C12-labeled internal standards (Cambridge Isotope Labo-
ratory, Woburn, MA, USA), α-hexachlorocyclohexane (α- 
HCH), γ-HCH, p,p′-dichloro-diphenyl-trichloroethane (p,p′- 
DDT), o,p′-dichloro-diphenyl-trichloroethane (o,p′-DDT), 
o,p′-dichloro-diphenyl-dichloroethene (o,p′-DDE), transchl- 
ordane, cis-chlordane, dieldrin, endosulfan-I, and endosul-
fan-II were added into cyclohexane at the beginning of the 
extraction procedure. 
For the extraction of the glass cartridges, first 13C12-  
labeled internal standards were added to the XAD resin in 
the cartridge, and then the cartridge was Soxhlet extracted 
with n-hexane/acetone (3:1) for 24 h. The internal stan-
dards, cleanup, analysis, and QA/QC were as mentioned 
above for SPMD.  
1.3  Descriptors and statistical analysis  
Recently, a semi-empirical, more complete parameter opti-
mization PM6 method [22] has been implemented in the 
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MOPAC 2009 package [23]. This method provides satis-
factory estimates of molecular properties such as heat of 
formation and electronic polarizability [24–26]. In this pa-
per, molecular structures of the studied compounds were 
drawn with CS ChemDraw Ultra 6.0. Then geometry op-
timizations and quantum-mechanical calculations were per-
formed at the semi-empirical PM6 level with the MOPAC 
2009 package [22,23]. A total of 23 molecular descriptors 
that reflected the overall characteristics of the chemicals 
were obtained from the MOPAC output files. In addition, 
two topological descriptors, which were the Kier symmetry 
index (S0K) and Kier flexibility index (PHI), were included 
in the QSAR modeling. These were calculated by Dragon 
(Version 2.1) software and had been used to characterize 
entropic factors [27,28]. Ovality (Ov) was calculated with 
ChemPropStd which is included in the CS Chem3D Ultra 
6.0 program [29]. The molecular structural descriptors are 
listed in Table 1. For a more detailed explanation of the 
descriptors, please refer to Todeschini and Consonni [30] 
and Stewart [23]. The values of the molecular descriptors 
are provided in the electronic supplementary material (Ta-
ble S1).  
Partial least squares (PLS) regression was adopted be-
cause it can be used to analyze data with strongly collinear, 
noisy, and numerous predictor variables [31]. In this study, 
the PLS analysis was carried out by Simca-S (Version 6.0, 
Umetri AB & Erisoft AB). Simca-S employs “cross valida-
tion” to determine the number of PLS components (A). 
Q2cum is a main statistical parameter of a PLS model, and 
denotes the cumulative variance of the dependent variable 
explained by the extracted PLS components. It is a good 
measure of the predictive power and robustness of the 
model. When Q2cum of a model is > 0.5, the model can be 
considered to be predictive and robust. 
In practice, if irrelevant or not significant relevant de-
scriptors are included, the quality of prediction and robust-
ness of the PLS model may decrease, and interpretation of 
the model becomes difficult. Consequently, it is necessary 
to eliminate redundant predictor variables and identify im-
portant predictor variables. This procedure is called variable 
selection. The importance of predictor variables, that is, 
their influence on the response variable can be used as a 
basis for the variable selection. In Simca-S, this is per-
formed using the variable importance in the projection 
(VIP). Predictor variables with large VIP are more relevant 
for explaining the response variable than those with small 
VIP. If VIP > 1, the predictor variable has a large influence 
on the response variable. Based on Q2cum and VIP, a vari-
able selection procedure was performed. At first, a PLS 
model was developed with all the selected predictor vari-
ables. Then one of the predictor variables at a time was re-
moved, and the PLS analysis was repeated with the remain-
ing variables. This step was repeated until each variable had 
been removed once (and only once). Then Q2cum of the  
series of models were compared and the model with the 
highest Q2cum was selected for the next step. If several mod-
els had the same Q2cum, the model that was obtained by ex-
clusion of the variable with the lowest VIP was adopted. 
This process was repeated until only two variables were left. 
The model with the highest Q2cum was selected as the opti-
mal model from all the models obtained [14]. 
2  Results and discussion  
2.1  Rair of SPMD at different sampling sites  
The concentrations of OCP in air obtained by active sam-
pling and OCP accumulation in SPMD are listed in Table 2. 
Using the Cair and CSPMD data in Table 2, the Rair (Table 2) 
of the SPMD for OCP was calculated according to eq. (1). 
A t-test was carried out to determine whether there was 
significant difference between the Rair values at two differ-
ent sampling sites in the same sampling period. Before ap-
plying the t-test, one-sample Kolmogorov-Smirnov test was 
used to verify if the Rair values at the two different sampling 
sites were normally distributed. All statistical tests were 
performed using SPSS 16.0. 
The statistical tests showed that the Rair at the two differ-
ent sampling sites were normally distributed. The t value 
was 0.461 which is smaller than t0.05(9)=2.26 [32], so there is 
no significant difference between the Rair obtained from the 
two different sampling sites. In this way, the Rair of the 
Table 1  Theoretical molecular structural descriptors 
No. Descriptors Descriptions 
1 
2 
3 
 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
 
16 
 
17 
 
18 
 
19 
 
20 
 
21 
 
22 
23 
S0K 
PHI 
Ov 
 
ΔHf 
AvdW 
TE 
EE 
CCR 
DE 
VvdW 
IP 
Mw 
ME 
AH 
EHOMO 
 
ELUMO 
 
qC
– 
 
qH
+ 
 
qCl
– 
 
q– 
 
q+ 
 
μ 
α 
Kier symmetry index 
Kier flexibility index 
The ratio of the molecular surface area to the
minimum surface area 
Standard heat of formation (kJ) 
The van der Waals area (Å2) 
Total energy (eV) 
Electronic energy (eV) 
Core–core repulsion energy (eV) 
The dielectric energy (eV) 
The van der Waals volume(Å3) 
The vertical ionization potential (eV) 
Molecular mass (atomic mass units) 
Mulliken’s electronegativity (eV) 
Parr and Pople’s absolute hardness (eV) 
The energy of the highest occupied molecular
orbital (eV) 
The energy of the lowest unoccupied molecular
orbital (eV) 
The most negative net atomic charges on a carbon
atom (atomic charge unit) 
The most positive net atomic charges on a hydro-
gen atom (atomic charge unit) 
The most negative net atomic charges on a chlorine
atom (atomic charge unit) 
The most negative net atomic charges on a atom
(atomic charge unit) 
The most positive net atomic charges on a atom
(atomic charge unit) 
The total dipole moment (Deb) 
Average molecular polarizability (atomic units) 
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Table 2  The Cair, CSPMD and Rair of OCP 
Compounds 
CSPMD  
(pg SPMD–1) 
Cair  
(pg Nm–3)a) 
Rair (Nm
3 air  
d–1 SPMD–1) 
AT 
α-HCH 
γ-HCH 
p,p′-DDT 
o,p′-DDT 
o,p′-DDE 
trans-Chlordane 
cis-Chlordane 
Dieldrin 
Endosulfan-I 
Endosulfan-II 
 
636.0 
7937 
82.0 
213.0 
43.0 
135.0 
251.0 
338.0 
21239 
1136 
 
8.3 
217 
0.38 
0.4 
0.1 
0.4 
0.7 
1.4 
35.8 
2.1 
 
0.4 
0.2 
1.0 
2.6 
2.2 
1.7 
1.8 
1.2 
2.8 
2.5 
CH 
α-HCH 
γ-HCH 
p,p′-DDT 
o,p′-DDT 
o,p′-DDE 
trans-Chlordane 
cis-Chlordane 
Dieldrin 
Endosulfan-I 
Endosulfan-II 
 
776.0 
1172 
861.0 
575.0 
65.0 
163.0 
330.0 
475.0 
22056 
1553 
 
8.2 
11.3 
1.5 
0.9 
0.1 
0.5 
0.9 
2.0 
48.9 
3.5 
 
0.4 
0.4 
2.4 
2.7 
2.0 
1.3 
1.5 
1.0 
1.9 
1.9 
a) The air concentration with active sampler was standardized at normal 
conditions (N) of 1 atm and 273 K. 
 
SPMD for selected OCP at one sampling site can be substi-
tuted using that of the other sampling site for the same sam-
pling period. This means that Rair can be used to calculate 
Cair no matter where it is obtained as long as the sampling 
sites have similar characteristics under comparable envi-
ronmental conditions of deployment of the SPMD, and the 
same designed of SPMD is used. Therefore, if electricity is 
available for active sampling at a particular site, OCP can 
be monitored with active sampling and SPMD passive sam-
pling simultaneously. Thus, the Rair of SPMD for OCP can 
be calculated. This Rair and eq. (1) can then be used to cal-
culate the Cair of OCP for a site where electricity is not 
available as long as it has similar characteristics to the first 
site and the CSPMD and t are available. 
2.2  QSPR model construction and analysis  
PLS analyses for Rair were performed with all the descrip-
tors. The optimal PLS model obtained by the variable selec-
tion procedure was: 
 logRair = b0 + b1 Avdw + b2 TE + b3 μ. (2) 
The intercept (b0), the coefficients (b1,···b3) and the other 
results of the above PLS regression eq. are summarized in 
Table 3. These results include the number of data points (n), 
the number of PLS components (A), the cumulative vari-
ance of all the predictor variables, and dependent variable, 
which are explained by the extracted components 
(R2X(adj)(cum) and R
2
Y(adj)(cum)), Q
2
cum and the correlation coeffi-
cient between experimental and fitted values (r), respec-
tively. 
Q2cum of the optimal models were > 0.818, which is much 
bigger than 0.5. This indicates that the model has good pre-
dictive ability and robustness, and could be used to estimate 
Rair values for compounds of this type. In view of difficul-
ties in the measurement of Rair, the predicted data could be 
regarded as an approximation of air sampling rates.  
VIP of a predictor variable indicates the influence on the 
response variable of the predictor variable. From Table 4, it 
can be seen that μ and in particular Avdw and TE are impor-
tant variables for modeling of logRair. 
The weights of predictor variables (w*) and weights of 
response variable (c) of the PLS model are also presented in 
Table 4. The PLS weights represent how much a single 
variable contributes in each PLS component to the modeling 
of logRair. Predictor variables which are more important for 
the nth PLS component, have higher w*[n] absolute values. 
Response variables well modeled by the nth PLS compo-
nent have large c[n] absolute values. From the values of w* 
in Table 4, it can be seen that the PLS component is mainly 
relevant to Avdw and TE. From the coefficients (b1, b2, b3) of 
eq. (2) in Table 3, it can be seen that Avdw and μ are posi-
tively correlated with logRair, whereas TE is negatively cor-
related with logRair.  
The SPMD was developed in Stevenson screen boxes, 
and because the wind-speed within the Stevenson screen is 
much lower and less variable than that outside, the affect of 
difference in the wind-speed on sampling rates could be 
ignored [33]. It was reported that the sampling rate of 
SPMD for PCB was affected by steric hindrance of the PCB 
molecule, and increased ortho-substitution for the same 
level of chlorination has been found to result in a decreased 
sampling rate for PCBs [11,18]. From eq. (2), it can be seen 
that the sampling rate of the SPMD for OCP is related to the 
molecular Avdw. This indicates that like PCB the size of the 
OCP molecule influences on the sampling rate. 
According to the linear solvation energy relationships 
Table 3  Results of the QSPR model of logRair at different sampling sites 
Sampling site CH AT 
b0 
b1 
b2 
b3 
n 
A 
R2Xadj(cum) 
R2Yadj(cum) 
Q2(cum) 
r 
–2.527 
8.383×10–3 
–1.107×10–4 
1.198×10–2 
10 
1 
0.772 
0.877 
0.874 
0.951 
–2.301 
4.992×10–3 
–2.891×10–4 
4.559×10–2 
10 
1 
0.522 
0.829 
0.818 
0.921 
Table 4  VIP values and PLS weights in model 
 VIP w*c[1] 
 CH AT CH AT 
Avdw 
TE 
μ 
logRair 
1.241 
0.925 
0.777 
 
0.990 
1.049 
0.958 
 
0.719 
–0.537 
0.441 
0.630 
0.575 
–0.606 
0.553 
0.630 
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(LSER) theory [34], solute solubility and other solva-
tion-dependent properties, XYZ, depend on three types of 
terms, 
XYZ = XYZ0 + cavity term + dipolar term  
   + hydrogen bonding term(s), (3) 
where the cavity term characterizes the free energy or en-
thalpy required to separate the solvent molecules to create a 
suitably sized cavity for the solute; the dipolar term meas- 
ures the exoergic effects of solute/solvent dipole-dipole, 
dipole-induced dipole, and mutually induced dipole interact- 
tions; and the hydrogen bonding term describes the exoergic 
effects of hydrogen bonding (or Lewis acid/base) com-
plexation between the solute and the solvent [34,35]. The 
partition of OCP molecules between air and the SPMD 
could be analyzed by the theory of LSER theory. Avdw and 
TE may represent non-specific intermolecular interactions 
or the energy required for cavity-formation in dissolution of 
OCP into triolein of the SPMD. The descriptor μ is the di-
polar term in eq. (3), which is related to polar interaction of 
the molecules. Although the altitudes of the two sampling 
sites were different, all logRair can be expressed with eq. (2). 
This means that the sampling rates of the SPMD for OCP 
that can enter into the SPMD are mainly related to the in-
termolecular interactions between OCP and triolein in the 
SPMD. For the defined SPMD area, the stronger the inter-
molecular interactions are, the higher the influence on the 
air sampling rate is. 
The predicted and experimental logRair from eq. (2) are 
plotted in Figure 1. From this figure it can be seen that the 
predicted logRair values are consistent with the experimental 
values. 
The results from this study indicate that there is the po-
tential to predict a large number of Rair of OCP from the 
established model. In addition the use of SPMD as passive 
air samplers could become more widespread among sites 
with similar climatological conditions if active sampling is 
available at a reference site. There is a potential for global 
deployment of these samplers, which would permit estima-
tion of atmospheric concentrations in remote areas where it 
 
Figure 1  Plot of predicted logRair values versus experimental values (○, 
CH; ×, AT). 
is not possible to install active air monitoring equipment or 
an electrical supply.  
3  Conclusions  
The Rair derived for a set of OCP at one site were not sig-
nificantly different from those derived at another site with 
similar environmental conditions. The Rair of OCP with the 
SPMD could be predicted from their related molecular 
quantum chemical properties, the total energy, the van der 
Waals area and the total dipole moment of the molecule. 
The main factors influencing Rair were intermolecular inter-
actions and the energy required for cavity-formation in dis-
solution of OCP into triolein of the SPMD. 
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